Recent experiences have shown that one of the main causes of heavy vehicle crashes is the braking performance. In particular, when having to decelerate in an emergency situation, such as when an unexpected object is in the road. Thus, the capability of a vehicle to come to a safe stop is one of the most important factors in preventing more accidents. Safe braking distance is influenced by many factors, such as brake pedal force, the vehicle's loading conditions, the travel speed and the road surface conditions. The aim of this study was to analyse the effect of the driver's brake pedal force on braking distance during an emergency situation, allowed for a wide range of heavy vehicle's GVW and speed. This study is carried out by using a multi-body dynamics simulation of a Single Unit Truck based on the validated vehicle model. Braking performance was estimated in terms of braking distance on a straight road with a wet surface. The findings from the braking distance simulation suggest a non-linear relationship between brake pedal force and braking distance. Finally, it reveals that, depending on the wheel lock-up situation, braking distance increases with increasing brake pedal force, and that the braking distance on a wet road is significantly affected by both the heavy vehicle's GVW and speed.
INTRODUCTION
Road traffic accidents have been consistently increasing in Malaysia and other developing countries [1] . Problems arise when the roads are wet. The cost of accidents to the public is massive, according to the Malaysian Institute of Road Safety Research (MIROS) [2] , who reported that the economic cost of heavy vehicle crashes in Malaysia is estimated to be quite high compared with that for other countries. Thus, there is a need to further understand the heavy vehicle characteristics that can provide meaningful information to minimise the number of accidents. Consequently, greater safety can be achieved. There are many factors involved in HV accidents, as reported in [3, 4] . Approximately 20% of heavy vehicle crash avoidance manoeuvres involved braking. Therefore, better knowledge of heavy vehicle braking performance could have a significant effect on the accident rate and injury. The failure of a vehicle to slow down enough and stop safely without striking other vehicles or any other object demands extra consideration. Usually in emergency situations, the driver applies maximum brake pedal force (PF). The braking manoeuvre can be categorised into two different modes: 1) controlled or 2) locked-up wheel braking proportional to the brake PF magnitude. To improve safety, heavy vehicles with a shorter braking distance during emergency situations have become a topic of extensive research [5] . The speed of the heavy vehicles has also been recognised as one of the essential concerns in road safety. Many studies have shown a statistical relationship between speed and crash rate [6] . First principles analysis suggests that speed may be an even more critical factor for heavy vehicle safety than for other vehicles in general. This is owing to the complicated braking systems used in heavy vehicles, with different possible failure modes and performance characteristics, including locked-wheel braking and longer braking distances than those for passenger cars [7] . Moreover, as stated by Gobbi (2014) , the vehicle GVW varies considerably with different loading conditions and also shows a strong association with loss of control and the inability to stop the vehicle safely [8] . However, speed and GVW are not the only factors that lead to road accidents [9] [10] [11] ; past studies indicate that the rate of road accidents increases during rainy weather because it reduces the road surface's coefficient of friction [12, 13] . If the road is slippery, the possibility of skidding accidents is high because the coupling between the tyre and the road surface, i.e. road holding capability, is reduced [14] [15] [16] .
Furthermore, it appears to be a compelling rationale to evaluate the pedal force effects on braking distance, so this study offers a detailed analysis with the aim of understanding the different risk factors that influence heavy vehicle braking distance, especially heavy vehicle GVW, speed and wet road conditions. To date, very few studies have been conducted to examine PF and there are no detailed investigations into braking distance as a function of pedal force. In this paper, braking distance was evaluated using a series of heavy vehicle emergency braking simulations. A new concept of determining braking distance for heavy vehicles incorporating brake pedal force is proposed. The results show that changes in the brake pedal force and vehicle dynamic characteristics will affect a heavy vehicle's braking performance and its ability to stop safely in emergency situations. Finally, the outcome of this study is very important for heavy vehicles without an anti-lock braking system, which are commonly used in Malaysian wet roads and highways, particularly related to over speed and overloading problems.
METHODS AND MATERIALS
Today's automotive industries and academic institutions extensively employ virtual prototyping and testing as it provides a low-cost and cross functional evaluation. In addition, considering the complexity of indoor and outdoor tests to evaluate braking performance, it encourages automotive engineers to carry out different computergenerated simulations [17] . As stated in the objectives for this study, brake pedal force is the crucial element for this simulation to estimate braking distance under different vehicle GVW and speeds as influential factors. All simulations were conducted under wet road surface conditions [18] . Figure 1 shows the study workflow. The multi-body simulation technique supports a dynamic model of an actual complicated vehicle structure [19, 20] . With the arrival of multi-body system simulation programs, such as MSC.ADAMS/Truck, it has become a more practical solution to establish computer modelling to evaluate vehicle dynamics and behaviour. The given model can describe the braking process under various heavy vehicle conditions, such as speeds and GVW [21] . This methodology has been demonstrated to be very effective for predicting braking performance. Three main steps were carried out to extract braking distance results from the simulations: virtual HV multi-body modelling, full HV Braking analysis, and data generation and interpretation. In every simulation study, it is very important to create a model that can reproduce an actual response. In this study, a Single-Unit Truck (SUT) model with four axles and air drum brakes was developed in accordance with the trucks used on Malaysian roads. The model was reconfigured according to the existing truck's parameters, such as braking system, suspension type and wheel configuration, which are given in Table 1 . All the subsystems were created according to the vehicle components' specifications, then finally the whole set of subsystems was combined to set up the fullvehicle assembly for use in simulations. Straight line braking on a flat road was used to check the model, and the model validation was done based on published experimental results from Federal Motor Vehicle Safety Standard (FMVSS) No. 121, Air Brake Systems [22] . The results in Table 2 compare the maximum experimental braking distance for a variety of speeds permitted for unloaded test vehicles according to FMVSS No. 121 along with the simulation results. With an average 1.5% error, it shows good agreement between the simulation and experimentally obtained braking distance results, suggesting that the current heavy vehicle model can be employed to further analyse emergency braking [22] . In the simulations, first the heavy vehicle starts moving on a flat and straight road profile with a wet surface to reach its desired constant speed. Then, the pedal force is applied until the vehicle reaches a complete stop. Simulation computations were performed to analyse vehicle braking distances under different conditions. The whole event was conducted under constant forward velocity starting from 40 km/h with 10 km/h intervals up to 80 km/h [10] . All the simulations at the selected velocities were repeated for different GVWs. This was followed by simulations for the different brake pedal forces from 10 to 500 N with a 10 N interval. It was assumed that the road is straight and wet. In total, 2000 braking simulations were executed to examine the brake effect of pedal force on braking distance, especially for wet roads.
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RESULTS AND DISCUSSION
The focus throughout this study has been the development of a straight-ahead heavy vehicle braking simulation at different speed and loading conditions on wet roads with varying pedal force applied. The braking behaviour of a heavy vehicle in emergency stops for different pedal forces was simulated. For statistical analysis, the research results were grouped according to the heavy vehicle GVW and speed. Based on the line charts shown in Figures 2 and 3 , in the braking manoeuvre, the braking pedal force that was applied by the driver can be performed and result on braking distance in three different phases are expected as follows: i) When the pedal force was increased, braking distance decreased accordingly. ii) When the pedal force was increased, braking distance increased accordingly. iii) When the pedal force was increased, the braking distance change was not significant.
Phase 1 occurs when the pedal force is too small to lock-up any wheel. Thus, as much as the driver increases the pedal force, the braking performance efficiently stops the heavy vehicle, thus producing a shorter braking distance. In Phase 2 the brake grips the wheel tightly to stop it from rotating; under this condition, the heavy vehicle starts to skid along the road. When the driver increases the pedal force, lock-up happens sooner or more wheels start to lock-up, thus increasing the braking distance. This phenomenon usually happens during emergency braking situations, resulting in a longer braking distance. Phase 3 indicates that dependence between pedal force and braking distance is very weak and that the pedal force has a minimum effect on the braking distance [23, 24] .
From the plots for different GVWs in Figure 2 , the braking distance for various heavy vehicle speeds when the GVW is constant and pedal force is increased are compared. Based on the plots, it can be implied that for all vehicle loading and speed conditions, the three phases of the pedal force can be observed. The safety implication of speed for heavy vehicles is that the higher the forward velocity, the longer the stopping distance. This has increases the likelihood of a rear-end collision, especially in a closefollowing situation. The result of speed alone is not enough to explain the pedal force effect on the braking distance, particularly for those involving heavy vehicles. GVW is also an important factor that needs to be considered in braking distance calculations with varying pedal force [8] . Figure 2 . Simulation of the effect of brake PF on braking distance (constant GVW and different speed)
The overall simulation results from this research recommended that the variation in brake pedal force for very big forces has a minimal effect on the BD, because brake pedal forces more than 100 N led to skidding in an emergency braking situation, in which the brake mechanism was fully engaged and the wheel was locked [25, 26] . For lower brake pedal forces for heavy vehicles, the brake mechanism was not fully engaged, resulting in a longer braking distance. The findings from the simulations confirmed our experimental results. The braking distances for different heavy vehicle loading conditions at a certain speed are shown in Figure 3 . It can be seen that for different pedal forces, the heavy vehicle with a higher GVW has a longer braking distance. In an emergency braking situation for over loaded heavy vehicle, no matter how hard the driver applied the brake pedal, the vehicle was unable to stop with the same braking distance as those from semi-loaded or un-laden heavy vehicles. As overloading vehicles raises the braking distance, this could therefore increase the possibility of a rear-end collision during emergency braking in a close-following situation [27] [28] [29] . The results from all the simulations suggest that the variation in pedal force shows different effects on braking distance based on changes in speed and GVW.
The effect of GVW and speed on the pedal force properties of the heavy vehicles plays an important role in accident reconstruction. This effect has a strong influence on heavy vehicle speeds. As the speed increases, the braking distance increases accordingly. The focus of the analysis presented in this paper is the estimation of the effects of pedal force on the braking distance of heavy vehicles, which can be used for accident reconstruction purposes. It can also be seen from the above results that the larger the running speed, for the same brake pedal force, the braking distance will increase impressively. It confirms that the braking distance is affected by speed. Thus, there are scientific reasons for reducing speed to lessen the chance and the impact of a crash. Speeding or excessive speed is one of the main contributors to accidents and causes more serious accidents as vehicles require longer distances to stop. Finally from Figure 4 , one notable trend seems to be that braking distance steadily increases with increasing vehicle GVW and V. It also shows how large the difference between the braking distance of an empty vehicle and overloaded one can. It can clearly be seen that there is a large increase in the braking distance by increasing the initial vehicle speed, and it can be argued that for vehicles with a low speed, the GVW does not significantly affect braking distance. However, the increase in braking distance is significant when the vehicle runs at medium or high speeds.
CONCLUSIONS
In this paper, a set of simulations was done to explore the relationship between braking distance and the brake pedal force applied by the driver with various loadings and speeds on a wet road, especially in an emergency situation. The amount of brake pedal force applied during emergency braking was unknown. Therefore, this new approach could provide an insight into how the pedal force affects the braking performance of heavy vehicles. The results were examined by using a multi-body dynamics simulation of a heavy vehicle, where the braking performance was checked under various brake pedal force settings on a wet road. Additionally, the effects of speed and gross vehicle weight (GVW) were considered and examined. The results of this study suggests that braking pedal force is a very important factor, which should be considered in braking distance estimation and with regard to safety issues of heavy vehicles. Furthermore, this study suggests that vehicle speed and GVW have a significant effect on increasing braking distance, especially on wet roads. Heavy vehicle drivers should be aware of their vehicle braking performance during emergency braking, especially when their vehicle is overloaded and running at high speed.
